We report a serendipitous discovery of HSC J0904-0102, a quadruply lensed Lyman Break Galaxy (LBG) in the Survey of Gravitationally Lensed Objects in Hyper Suprime-Cam Imaging (SuGOHI). Owing to its point-like appearance, the source was thought to be a lensed active galactic nucleus. As a result, we obtained followup spectroscopic data with the Gemini Multi-Object Spectrographs on Gemini South Telescope which confirmed this to be a lens system. The deflecting foreground galaxy is a typical early-type galaxy but at a high redshift of z = 0.957 with stellar velocity dispersion σ v = 259 ± 56 km s −1 and the lensed source turned out to be an LBG at z s = 3.403, based on the sharp drop bluewards of Lyα and other absorption features. A simple lens mass model for the system assuming a Singular Isothermal Ellipsoid yields an Einstein radius of θ Ein = 1.23 , a total mass within the Einstein radius for the deflector of M Ein = (5.55 ± 0.31) × 10 11 M corresponding to the velocity dispersion of the deflector of σ SIE = 283 ± 4 km s −1 , which is in good agreement with the value derived spectroscopically, and a magnification factor for more isolated lensed LBG image of ∼ 6.5. After comparing with other lensed LBGs and typical z ∼ 4 LBG populations, our LBG is unusually compact, an outlier of over 2σ. Together with a previously discovered SuGOHI lens (More et al. 2017 ) that had similarly highly compact nature, we believe that the HSC Survey is extending LBG studies down to smaller sizes.
Model riz composite image generated from lens mass modelling of the lens system, where the source is assumed to be an extended galaxy following a Sérsic profile (with free Sérsic index). The best fit index comes out to be n ser ∼ 3. This panel also shows the unlensed source position (cyan dot). The red contours show the caustics in the source plane and white contours mark the corresponding critical curves in the image plane indicating regions of extremely high magnification. Third : the residual composite image by subtracting the model from the data. Fourth : Same as the second panel, but for fixed Sérsic index, n ser = 1. Fifth (right-most) : Same as the third panel, but for fixed Sérsic index, n ser = 1.
ing of galaxy formation scenarios. In star forming galaxies at z ∼ 3, LBGs spectra will show a "break" at around the Lyman limit (912Å) in the spectral energy distribution (SED). However, LBGs are generally faint, which makes it difficult to obtain the spectral properties of individual LBGs, so many hundreds are needed to examine the general properties e.g. the redshift distribution Steidel et al. 1998) , the rest-frame UV spectroscopic properties , slope of the UV luminosity function (Reddy & Steidel 2009) , and morphology and size evolution (Shibuya et al. 2015 , henceforth, S15).
The additional magnification provided by strong gravitational lensing enables more detailed investigations of properties of LBGs. Several lensed LBGs have now been found and studied, e.g. the interstellar medium of the first lensed LBG MS 1512-cB58 (cB58, Yee et al. 1996; Pettini et al. 2000 Pettini et al. , 2002 which gives a hint about when most of the metal enrichment occurred. Further studies of cB58 with Spitzer by Siana et al. (2009) have reported that the UV-inferred star formation rate is lower than measured in the IR by a factor of 3-5. Baker et al. (2004) found the first direct evidence of the existence of a sizeable cold gas reservoir in an LBG by using observed CO emission of cB58. Similar studies of "Cosmic Eye" were carried out (Smail et al. 2007; Coppin et al. 2007 ). Arc-like images of LBGs, lensed by massive galaxy clusters, have been discovered e.g. A2218-384 (Ebbels et al. 1996) , 1E0657-56 (Mehlert et al. 2001) , the Sextet Arcs (Frye et al. 2007 ), SGAS J122651.3+215220 and SGAS J152745.1+065219 (Koester et al. 2010) . However, only few additional strongly lensed LBGs have been lensed by a single massive galaxy, e.g. the Einstein Ring (Cabanac et al. 2005) , the Einstein cross (Bolton et al. 2006) , the Cosmic Horseshoe (Belokurov et al. 2007) , and the 8 o'clock arc (Allam et al. 2007) . Studies of the current and future lensed LBGs samples will give us a better insight when drawing general conclusions for certain properties of a whole LBG population. So, adding even one lensed LBG would be of tremendous value.
In this paper, we report the discovery and spectroscopic confirmation of a quadruply lensed LBG from the Hyper Suprime-Cam Subaru (HSC) Survey (Aihara et al. 2018a ).
Our paper is organized as follows. In Section 2, we describe the discovery of HSC J0904-0102. We present the spectroscopic follow-up observation on this system, and reduction procedure in Section 3. In Section 4, we describe the HSC imaging data analysis and the redshift determinations for the lens and the source. In Section 5, we describe the lens mass modelling for the system. We calculate and discuss the properties of the delensed source in Section 6. We present our conclusions in Section 7. Throughout the paper, we use Ω m = 0.27, Ω Λ = 0.73 and H 0 = 73 km s −1 Mpc −1 . All quoted magnitudes are in the AB system, all position angles are measured East of North and all uncertainties are 1σ and are to be Gaussian.
DISCOVERY OF HSC J0904-0102
The HSC Survey is an ongoing imaging survey, expected to cover about 1400 deg 2 area in five bands (g, r, i, z and y) down to r ∼ 26 with Hyper Suprime-Cam (Miyazaki et al. 2018; Komiyama et al. 2018; Kawanomoto et al. 2018; Furusawa et al. 2018 ), a wide-field (1.7 degree diameter) optical camera installed on the 8.2 m Subaru Telescope. The data are processed with hscPipe, which is derived from the Large Synoptic Survey Telescope pipeline (Axelrod et al. 2010; Jurić et al. 2017; Ivezić et al. 2008 Ivezić et al. , 2019 . We used photometric data from the HSC Wide S17A internal data release of the HSC survey for our analysis. The seeing in the HSC-g, r, i, z and y images is found to be 0.62 , 0.76 , 0.49 , 0.57 and 0.59 , respectively. HSC J0904-0102 was discovered serendipitously during the visual inspection of galaxy clusters selected from the HSC Survey (CAMIRA clusters, for details see Oguri et al. 2018 , ∼ 232 deg 2 of the HSC Wide S16A internal data release). This lens system comprises of a lens galaxy (G) and quadruply lensed images (A, B, C, D) of the LBG (see left panel of Figure 1 ). HSC J0904-0102 is thus part of lens samples discovered from HSC, namely, the Survey of Gravitationally lensed Objects in HSC Imaging (SuGOHI, Sonnenfeld et al. 2018; Wong et al. 2018; Sonnenfeld et al. 2019 
SPECTROSCOPIC FOLLOW-UP OBSERVATIONS
In order to confirm the lensing effect and study the nature of the source galaxy, we performed follow-up spectroscopic observation of HSC J0904-0102 on 2017 November 18 (GS-2017B-FT-5, PI: A. T. Jaelani) with Gemini Multi-Object Spectrographs (GMOS) on Gemini South Telescope via the Fast Turnaround program (Mason et al. 2014) . The seeing was around 1.0 −1.4 . GMOS has a wavelength coverage from 4000Å to 8000Å at a spectral resolution of R = 1918 in the long-slit mode with R400-G5305 grating and GG455 blocking filter. A slit of 1 was placed along the merging pair of images and lens galaxy with position angle P.A. = −29°( see dashed lines in Figure 1 ). The total exposure time was 40 minutes. Based on our photometric redshift estimates (see details in Section 4), we set spatial and spectral dithering with two different central wavelengths (7000Å and 7100Å) to avoid any important lines from falling on the gaps between the detectors. The data were binned 2 × 2 giving spectral dispersion 1.48Å pixel −1 .
We used the Image Reduction and Analysis Facility (IRAF) 1 v2.16 (Tody 1986 (Tody , 1993 with the gmos package v1.13 (Gemini Observatory & AURA 2016) and Python tasks (PyRAF 2 ) to reduce the spectra. In general, we followed standard procedure in which the spectra were bias subtracted, flat fielded and sky subtracted using the tasks gsflat and gsreduce. We used CuAr lamp and spectroscopic standard star to calibrate the wavelength and flux, respectively (using the tasks gswavelength and gstransform for transformation), then coadded the dithered frames. By using gsextract in an iterative mode, we selected optimal size and position to extract the lens galaxy and background source image spectra. The one-dimensional (1D) spectra of the lens galaxy and lensed images were smoothed with a box 1D convolution kernel of 3.7Å.
DATA ANALYSIS

Imaging
We modelled and analysed the multi-band HSC imaging data for HSC J0904-0102 using Galfit (Peng et al. 2002) to measure the positions and magnitudes of the lens galaxy and the lensed images. We used the PSF Picker tool to generate PSF models in all of the bands (g, r, i, z and y) of the HSC survey for the Wide Field Survey described in Aihara et al. (2018b Aihara et al. ( , 2019 . We find that the lens galaxy in i-band is well fit by a model with fixed Sérsic index n ser = 4, ellipticity e = 0.39, position angle P.A. = −78°and effective radius (half-light radius measured along the major axis), r e = 0.71 corresponding to R e ∼ 5.49 kpc in the physical scale. While the lens galaxy was modelled with a single Sérsic profile, we tested different models for the lensed images -a PSF model, assuming that the lensed source is point-like, and a Sérsic profile, assuming it is extended. We first modelled the i-band data and used this best-fit model as an initial model when fitting the profile for the lens galaxy and the lensed source in the rest of the bands. In Figure 2 , we show all of the multi-band data from HSC and the model-subtracted residual images for the respective bands for Sérsic source model. The extended ring-like emission of the underlying host galaxy is revealed in some of the residuals. In general, we found that both choices of source models fit the data equally well, suggesting that the source is highly compact. Measured magnitudes for single Sérsic model of the lens galaxy and four separate Sérsic model of the lensed images are given in Table 1 .
Prior to obtaining spectroscopic follow-up data, we also estimated photometric redshifts for the lens galaxy and the lensed images using the publicly available spectral energy distribution (SED) fitting code LePhare (Arnouts et al. 1999; Ilbert et al. 2006) . We used galaxy templates from Bruzual & Charlot (2003) , subsequently modified by LePhare with variable extinction laws (Calzetti et al. 1994 ) and addition of emission lines following classical recipes that relate galaxy star formation rates and luminosities in the UV continuum, recombination lines and forbidden lines (Kennicutt 1998). The source redshift seems to be broadly consistent with the expected redshift z ∼ 3, from the g − r vs. r − i colors (e.g. Figure 4 of Ono et al. 2018) . The redshifts thus estimated are given in Table 1 .
Spectroscopy
We show the reduced spectra of the lens and the source galaxy in Figure 3 . For comparison, we also show composite spectra for early-type galaxy and LBGs from Dobos et al. (2012) and Shapley et al. (2003) , respectively.
We assigned the redshifts of the lens and the source galaxy by identifying a set of lines at a common redshift, by fitting a Gaussian profile to each line in order to determine their central wavelength and taking the mean redshift of the entire set of lines. We measured the redshift of the lens galaxy to be z = 0.957 ± 0.003 based on a strong continuum break around 7800Å and characteristic K and H, Hδ and G band present in early-type galaxies. From these lines, we measured a central velocity dispersion σ v = 259 ± 56 km s −1 using the Penalized Pixel Fitting (pPXF) code of Cappellari (2017), with stellar templates for the fit, we had 100 selected stars (F, G, K, M) from the MILES stellar template library of Sánchez-Blázquez et al. (2006) . The mass of the lens galaxy estimated from the measured velocity dispersion σ v and the effective radius r e using Equation 2 from Wolf et al. (2010) is M gal = (3.4 ± 1.5) × 10 11 M .
Finally, the source galaxy is confirmed at z s = 3.403 ± 0.001 from absorption lines identification of Siii λλλ(1260.4, 1304.4, 1526.7)Å, Oi λ1302.2Å, Cii λ1334.5 A, Siiv λλ(1393.8, 1402.8)Å, Civ λλ(1538.2, 1553.8)Å, Feii λ1608.5Å, Alii λ1670.8Å, Aliii λλ(1854.7, 1862.8)Å and Ciii λ1908.7Å. The absorption features and a sharp drop in the flux of the Lyα in the source galaxy spectrum are strong evidences of an LBG galaxy (Steidel et al. 2004 ).
LENS MODELLING
We carried out lens mass modelling using the publicly available lens modelling software glafic (Oguri 2010) to infer the properties of the lens galaxy and the source and to see if there is any improvement to the fits with Galfit. We used the information from each pixel of the multi-band HSC images within a 5 box centered on the lens galaxy as our input data constraints for the mass model.
Light from the lens and source galaxy are each modelled with a seven-parameter elliptical Sérsic profile. In order to subtract the lens galaxy G, we used the best-fit of Galfit as initial parameters in the glafic input. For the source galaxy, we let every parameter of the Sérsic profile vary: magnitude, position (x s , y s ), position angle, ellipticity, effective radius and index.
The mass distribution of the lens galaxy is modelled with a Singular Isothermal Ellipsoid (SIE) profile which has five parameters, namely, centroid (x and y), mass, ellipticity and position angle. We fixed the center of mass to that of the center of the light profile of the lens galaxy and vary the velocity dispersion σ SIE (proxy for mass), ellipticity (e) and position angle. HSC J0904-0102 system is located ∼ 195 (corresponding to ∼ 1500 kpc in the physical scale) away from a cluster of galaxies at z = 0.864 with a richness of ∼ 10. Therefore, we believe that the external convergence and shear arising due to the cluster is negligible. We run Monte Carlo Markov Chain (MCMC) using emcee (Foreman-Mackey et al. 2013) to sample the posterior distribution of the parameters. The best model is used to predict θ SIE , the Einstein radius, defined as
where D s is the angular diameter distance of the source from the observer, D ls is the angular diameter distance between the lens and the source and c is the speed of light. The best-fit lens model is shown in the second panel of Figure 1 (with reduced χ 2 = 1.25, 1.67, 1.08, 1.66, 1.72 for g, r, i, z, y-bands, respectively) and the inferred best-fit parameters for the lens and the source are reported in Table 2 . The number of degrees of freedom (DOF) is the number of pixels minus the number of the lens and the source parameters used in fitting thus N DOF = 444. We found an effective radius of the source r e = 0.022 corresponding to R e ∼ 0.16 kpc with Sérsic index n ser ∼ 3. In order to check the robustness of the source size, we also re-ran MCMC of the lens 5500 6000 6500 7000 7500 8000 8500
Observed wavelength, λ obs (Å) model assuming fixed Sérsic index n ser = 1 and found similar results with free Sérsic index. We also found that the source magnitude, i = 25.98±0.12, for n ser = 1 was consistent within 1σ magnitude for free Sérsic index.
DISCUSSION
In this section, we study and explore the reasons that might have contributed to the detection of a system like HSC J0904-0102 including any biases from strong lensing and the robustness of the inferred compactness, by testing for systematic errors introduced due to lens modelling.
Intrinsic source properties
Having determined the lensing magnification and effective radius of the LBG, we can estimate its intrinsic luminosity and size. We calculate the absolute UV (at rest-frame 1700 A) magnitude from the apparent magnitude of the source and redshift z s using
where D L is the luminosity distance in the unit parsec, m is the apparent magnitude and (m UV − m) is the k−correction term between the magnitude at rest-frame UV and the observed magnitude that we use. In order to correct for reddening by dust extinction, we estimated the k−correction term by assuming the intrinsic UV continuum slope from Figure 3 in Sawicki & Thompson (2006) . Using the HSC Wide S17A i-band magnitude of the quadruple images, we determine a rest-frame 1700Å absolute magnitude M 1700 = −23.86 ± 0.02 corresponding to luminosity L 1700 ∼ 1.53×10 30 ergs s −1 Hz −1 which translates into a star formation rate of ∼ 210 M yr −1 , by adopting a Salpeter IMF with an upper mass cutoff 100 M (Kennicutt 1998), and without any correction for reddening or magnification. Correcting for the estimated magnification and UV reddening, we determine absolute UV magnitude using two different k−correction: the 100 and 10 Myr old continuously star-forming template with a dust attenuation of We derive an intrinsic star formation rate of ∼ 5M yr −1 . HSC J0904-0102 is intrinsically less luminous relative to typical luminosity of LBG, L UV = 1.06 × 10 29 ergs s −1 Hz −1 which correspond to m UV ( 1500 − 1700Å) = 24.61 (Reddy & Steidel 2009) . Following the same approach as More et al. (2017) , we estimate the true source magnitude and size in a manner complementary to the method described in Section 5. Using the magnification factor of image C, which is more isolated and brighter, from the lens model, µ C ∼ 6.5, we obtain a delensed source magnitude of i = 25.98. This result was consistent within 1σ magnitude for the best-fitting source magnitude thus obtained i = 25.98 ± 0.09. The true source size is estimated to be r e,t = r 2 e, Galfit /µ C = 0.02 ± 0.01 where r e, Galfit = 0.05 ± 0.02 , corresponds to R e,t ∼ 0.14 ± 0.06 kpc in physical units.
Our estimated size from both methods glafic and Galfit suggests a size much smaller than the typical LBGs at z ∼ 4 and star-forming galaxies (SFGs) at z ∼ 3 − 4 (see Figure 4 and S15). The SFGs and LBGs in S15 are identified from deep HST surveys (e.g. HUDF, CANDELS and HFF 3 ) and are apparently faint sources (optical/UV mag∼ 23 − 28 for redshifts spanning z ∼ 0−10). Even though detected with HST resolution, these sources are bigger than our lensed LBG. On the other hand, the combined imaging area investigated in S15 is much smaller (a few sq. deg.) compared to HSC Survey (hundreds of sq. deg. in this work). Thus, it is possible that the work of S15 is missing highly compact LBGs, such as our source, if they come from a rarer population.
In Figure 4 , we show another quad, lens HSC J1152+0047 (More et al. 2017 , henceforth, referred to as J1152), also discovered serendipitously from HSC. The J1152 quad also happens to be unusually compact compared to the rest of the LBGs or Lyman Alpha Emitters (LAEs) at z ∼ 4. Additionally, we compare with other lensed LBGs from the literature, lying at z ∼ 2 − 4, for which we could derive the sizes and magnitudes. Their sizes and absolute magnitudes are consistent with the typical LBG population of S15. A few others that could not be added here (due to missing sizes or absolute magnitudes) for a quantitative comparison, showed fairly extended arc-like emission suggesting that the intrinsic sources are unlikely to be highly compact. Overall, we did not find any lensed LBGs in the literature as compact as our source and J1152.
Similar to J1152, our lens system is also located in the footprint of other surveys such as the KiDS (Kuijken et al. 2019) , PanSTARRS (Chambers et al. 2016) , and SDSS (DR15 Aguado et al. 2019 ) but is barely detectable or identifiable as a lens owing to the shallower depth of those surveys coupled with the faintness of the lens system (see panels on the left in Figure 5 ). We then show how the appearance of lensed images would change in HSC imaging if the source were to be a typical galaxy following the size-magnitude relation of S15. First, we fix the source magnitude to the best-fit model and estimate the source size (following S15). This makes the source bigger (top-right panels) and hence, harder to detect in HSC imaging owing to decreased surface brightness. Next, we fix the source size to determine its magnitude (following S15). This makes the source fainter (bottom-right panels) and yet again, impossible to detect in HSC imaging. For reference, we show the best-fit source model (middle-right panels) in Figure 5 .
Since Sérsic index can affect size and magnitude parameters, we also tested models by varying the Sérsic index parameter (n ser = 1 or free). We find that the data is not able to constrain the Sérsic index accurately but the inferred source size is measured more robustly. Finally, we note that differential magnification due to lensing may create a bias in favor of the detection of more compact sources than their bigger counterparts (Hezaveh et al. 2012; Oldham et al. 2017) . While this may be important, we believe that lensing bias may not be the primary reason for the detection of our source, as explained above. Instead it is the unique combination of deep, wide imaging with superior image quality (PSF) including better pixel resolution of HSC data that has allowed us to discover a rare and highly compact LBG.
Systematic uncertainties on the source size due to lens modelling
We estimate the systematic uncertainties of lens modelling using two mock systems. The generated mocks are similar to HSC J0904-0102, that is, a single lens and a single source with redshifts and positions matched to the real lens. First, AM generated a mock lens with an SIE density profile as the lens model. The lens mass, lens ellipticity and the following source parameters were unknown to the modeller (ATJ) -flux, ellipticity, effective radius and Sérsic index. Rest of the parameters along with the choice of density profile were known to ATJ. The results of the modelling are given in Table 3 . The best-fit effective radius and flux are consistent with the input values. Next, AM generated a mock lens with a power-law density profile and a slope of 2.3 instead of the SIE (slope=2). ATJ modelled the system without any information about the choice of density profile or any of the parameter values. The corresponding best fit is given in Table 3 assuming an SIE model first and as a result the lens parameters are not fit as well. However, the source size is still consistent with the input value with flux showing some dependency on the choice of the mass density profile. In the next iteration, ATJ had the information that the density profile is not SIE. This improved the fit to the lens model parameters and the source size remained consistent with the input value within the uncertainties, as before. We point out that the source size and fluxes are constrained robustly in the above circumstances.
The source sizes in our mocks bracket the value of ∼ 0.1 which is the size our source would have if it were to follow Shibuya et al. relation. Since we are able to constrain the "tested" sizes with reasonable accuracy, we are confident that our inferred reff is most likely not as large as 0.1 .
CONCLUSION
We report the discovery and spectroscopic confirmation of a quadruply lensed LBG at z = 3.403. The background source is strongly lensed by a galaxy at a high redshift of z = 0.957 with a total lensing magnification factor of 6.5. A simple SIE lens model fits the lens system well and suggests an Einstein radius, θ Ein = 1.23 ± 0.04 (R Ein = 9.48 ± 0.27 kpc). This implies that the mass(< R Ein ) is 5.55 × 10 11 M . We also infer intrinsic source properties, primarily, the source size, given the magnification factor, turns out to be 0.14 kpc. In comparison with other LBGs (both lensed and unlensed) from the literature, the LBG of HSC J0904-0102 turns out to be unusually compact (0.16 kpc) and 1σ smaller than other LBGs (both lensed and unlensed) from the literatures. Not only the LBG is apparently faint but also is intrinsically less luminous (about 0.4L * ), corresponds to a star formation rate of ∼ 5M yr −1 . Along with J1152 (More et al. 2017) , another unusually compact lensed source from HSC survey, the discovery of HSC J0904-0102 hints towards the possibility that we are beginning to unearth a source population that could not be studied before.
